Glutathione (GSH) is a major source of reducing equivalents in mammalian cells. To examine the role of GSH synthesis in development and cell growth, we generated mice deficient in GSH by a targeted disruption of the heavy subunit of ␥-glutamylcysteine synthetase (␥GCS-HS tm1 ), an essential enzyme in GSH synthesis. Embryos homozygous for ␥GCS-HS tm1 fail to gastrulate, do not form mesoderm, develop distal apoptosis, and die before day 8.5. Lethality results from apoptotic cell death rather than reduced cell proliferation. We also isolated cell lines from homozygous mutant blastocysts in medium containing GSH. These cells also grow indefinitely in GSH-free medium supplemented with N-acetylcysteine and have undetectable levels of GSH; further, they show no changes in mitochondrial morphology as judged by electron microscopy. These data demonstrate that GSH is required for mammalian development but dispensable in cell culture and that the functions of GSH, not GSH itself, are essential for cell growth.
A ll cells require a source of reducing equivalents for survival. In mammalian cells and tissues, glutathione (GSH) is the most abundant nonprotein thiol and is usually present in millimolar concentrations (Ϸ1-10 mM) (1, 2) . Despite extensive study, it is unclear whether GSH plays an essential role in mammals because significant functional redundancy in the supply of reducing equivalents appears to exist. For example, GSH, GSH reductase, and glutaredoxin supply reducing equivalents to many cytosolic proteins including ribonucleotide reductase (3, 4) , an enzyme necessary for deoxyribonucleotide formation for DNA synthesis. However, the thioredoxin pathway also can function as a reducing system for this and other cellular processes (5, 6) . Superoxide anion radicals are detoxified by superoxide dismutase, which forms hydrogen peroxide, which in turn is converted to water via the action of GSH peroxidase; however, this conversion also can be performed by catalase and thioredoxin peroxidase (7) . Oxidized GSH (GSSG) has been assumed to be the major source of oxidizing equivalents for disulfide-bond formation associated with protein folding within the endoplasmic reticulum (ER) (8) ; however, the Ero1 gene of yeast can sustain the oxidized status of the ER in the absence of GSH͞ GSSG (9) , and similar genes may exist in mammals.
All eukaryotes contain GSH except protozoans like Entamoeba histolytica and Giardia duodenalis, which function predominantly via anaerobic metabolism (10) (11) (12) . These organisms do not synthesize GSH and lack mitochondria, suggesting that GSH may be essential for mitochondrial function (10) . Mammals can survive substantial decreases in intracellular GSH levels as evidenced by inherited diseases in human and pharmacological models in animals (13, 14) . For example, in our studies of families with GSH synthetase deficiency, affected individuals had GSH levels in their white blood cells as low as 5-10% of the controls (15) . However, newborn rats (but not adult rats) and guinea pigs, which lack the ability to synthesize ascorbate, die with widespread mitochondrial damage if GSH synthesis is severely curtailed by an inhibitor (buthionine sulfoximine, BSO) (16, 17) . In vitro studies have suggested an important role for GSH in mammalian development (18, 19) ; however, administration of BSO to pregnant rodents often has been ineffective in lowering intraembryonic GSH so that it has been difficult to study the effects of low GSH in embryonic development in vivo (20, 21) . Cultured mammalian cells can tolerate GSH depletion down to Ϸ10% of control values, but studies of more severe reductions have been inconclusive (22, 23) . GSH depletioninduced cell death via apoptosis has been observed in some recent studies (24, 25) , but not in others (23) . Thus, the issue of whether or not GSH provides essential functions in mammalian development and cell growth remains unsolved.
A more definitive approach to this problem can be achieved through the use of genetic tools. GSH is synthesized via the action of the ␥-glutamylcysteine synthetase (␥GCS) and GSH synthetase (2) . ␥GCS catalyzes formation of ␥-GC, and GSH synthetase adds glycine to complete the tripeptide. ␥GCS is the rate-limiting enzyme in GSH synthesis and is composed of a catalytic heavy subunit and a regulatory light subunit, which are encoded by different genes (26) . We describe here the cloning of the gene encoding the mouse heavy subunit of ␥GCS (␥GCS-HS) and the generation of mice carrying a null mutation in this gene. Embryos homozygous for this mutation fail to gastrulate and die before embryonic day (E) 8.5, demonstrating that GSH synthesis is essential for early mammalian development. However, permanent cell lines can be rescued from homozygous mutant blastocysts by the addition of GSH to the medium. These lines can be grown indefinitely in GSH-free medium supplemented with N-acetylcysteine (NAC), indicating that in vitro under culture conditions the participation of GSH itself is not required for cell growth.
Materials and Methods
Generation of ␥GCS-HS Mutant Mice. Genomic clones containing exons 2-16 of the ␥GCS-HS were obtained from a DNA library of mouse strain 129͞Sv (Stratagene). A clone containing exon 1 was isolated from a 129͞Sv bacterial artificial chromosome library (Genome Systems, St. Louis). A targeting vector was designed to replace a 1.3-kb genomic fragment containing TATA box and exon 1 (coding for the translation start site and the first 50 aa) with a PGK-hprt cassette ( Fig. 1 A and B) . The construct was linearized by digestion with SacII, and 25 g of DNA was electroporated into 1 ϫ 10 7 AB2.1 embryonic stem This paper was submitted directly (Track II) to the PNAS office.
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cells (27) . Recombinant colonies were selected as described (27) and further confirmed by Southern blot analysis using 5Ј and 3Ј external probes (Fig. 1C ). An hprt probe (not shown) also was used to demonstrate single-copy integration. Chimeric mice and mice heterozygous for the mutant allele were produced by standard techniques (27, 28) . were mated for timed pregnancies, with 1 p.m. of the day of the vaginal plug considered as E0.5. Blastocyst collection and dissection of E6.5-E8.5 embryos were carried out in the standard fashion (29) . For histological analysis and in situ hybridization, intact decidua were isolated, fixed overnight with 4% paraformaldehyde in PBS at 4°C, dehydrated through a series of graded ethanols, and embedded in paraffin. Serial sections (6-7 m) then were prepared.
Manipulation of Embryos. Mice heterozygous for ␥GCS-HS
Genotype Analysis. Pups and embryos at E8.5 or older and cultured embryonic cells were genotyped by Southern blot analysis using the 5Ј external probe (see Fig. 1 B and C) . Embryos at E7.5 and E6.5 were genotyped by PCR using two sets of primers that were designed to detect the wild-type allele and the mutant allele, respectively (see Fig. 1 B and D) . The primers used to detect the wild-type allele were as follows (sense, antisense): 5Ј-TGCTGTCCCAAGGCTCGCCACTG-3Ј and 5Ј-ACCACT-GTGCTTCGACTGCACTG-3Ј for the primary PCR; 5Ј-ATCTACCACGCAGTCAAGGACCGG-3Ј and 5Ј-CATCT-GCGGATGAAGTTCAACTCC-3Ј for the nested PCR. The primers for the mutant allele were: 5Ј-TCAGCCAGGCGTG-GTAGTGCACA-3Ј and 5Ј-TGGAATGTGTGCGAGGCCA-GAGGC-3Ј for the primary PCR; 5Ј-TCAGTCCTTATTCG-CAGACAGCC-3Ј and 5Ј-TGTGTAGCGCCA AGTGC-CCAGCGG-3Ј for the nested PCR. In histological analysis, in situ hybridization was used to distinguish homozygous mutant embryos from wild-type and heterozygous embryos. Digoxigenin-labeled RNA probes containing the sequences of ␥GCS-HS exon 1 [nucleotides Ϫ32 to 150 (GenBank accession no. AF184592)] were used to detect mRNA in the sectioned embryos. Hybridization was performed as described (30) except signals were visualized with an anti-digoxigenin antibody conjugated with alkaline phosphatase (Boehringer Mannheim).
BrdUrd Labeling of Cells. Pregnant females at E6.5 were injected i.p. with BrdUrd (100 g͞g of body weight) and killed after 1 h. Decidua then were dissected out and prepared for tissue sections. In situ detection of BrdUrd-labeled cells was carried out on tissue sections with an in situ cell proliferation (FLUO) kit using a fluorescein-labeled anti-BrdUrd mAb (Boehringer Mannheim).
Whole-Mount in Situ Hybridization. Dissected E7.5 embryos were processed for whole-mount in situ hybridization essentially as described by Conlon and Rossant (31) . Digoxigenin-labeled Brachyury (T) probe (32) (antisense; nucleotide 1 Ϫ 1740) was used. Culture of Blastocyst-Derived Cell Lines. All studies used M15 complete medium [''knockout'' DMEM (GIBCO͞BRL) supplemented with 15% embryonic stem cell qualified FBS (GIBCO͞ BRL), 2 mM glutamine, 0.1 mM ␤-mercaptoethanol (BME), 100 units͞ml of penicillin, and 100 g͞ml of streptomycin]. In GSH and NAC rescue experiments, various concentrations of GSH (Sigma) or NAC (Sigma) were added. All cultures were maintained at 37°C in humidified incubators containing 5% CO 2 and 95% air. To establish embryonic cultures and cell lines, blastocysts were cultured individually in 24-well plates containing a preformed feeder layer of STO cells (SNL76͞7 cells) in M15 medium supplemented with 5 mM GSH (fresh daily). After 6-7 days of culture, inner cell mass-derived clumps were disaggregated by treatment with trypsin-EDTA and transferred into wells of 96-well plates with feeder cells. Subsequent subcultures were performed, and cells were transferred into 48-well plates with feeder cells, 24-well plates with feeder cells, and finally gelatincoated 6-well plates without feeder cells. Once established, cells were passed every 3-4 days by splitting 1:3 into gelatin-coated 6-well plates. Wild-type and heterozygous cells were maintained in medium without GSH, while homozygous cells were maintained in medium containing 2.5 mM GSH (changed daily).
Results

Disruption of ␥GCS-HS Results in Early Embryonic
Lethality. We cloned the gene for mouse ␥GCS-HS and analyzed its structure (Fig. 1 A) . It consists of 16 exons and encompasses more than 60 kb. A targeting vector was constructed to disrupt the gene in embryonic stem cells by homologous recombination (Fig. 1  B-D) . Mice heterozygous for the mutant ␥GCS-HS tm1 allele developed normally and were fertile. However, among Ϸ600 progeny from heterozygote intercrosses, no viable homozygous pups was found, indicating that homozygosity for ␥GCS-HS tm1 results in embryonic lethality. By genotyping embryos on different days, we found that homozygous embryos died between E7.5 and E8.5. At E6.5, homozygous embryos could not be distinguished morphologically from their wild-type or heterozygous littermates (not shown). At E7.5, about one-fourth of all embryos were morphologically abnormal; genotype analysis revealed that they were homozygous mutants. E7.5 mutant embryos were less than half the size of their wild-type or heterozygous littermates, failed to differentiate beyond the egg cylinder stage, and showed indefinite boundaries between embryonic and extraembryonic regions (Fig. 2 A and B) . All homozygous mutant embryos were in resorption at E8.5, and most disappeared in their degenerating decidua by E10.5. We unsuccessfully attempted to rescue mutant embryos by administration of NAC, a cysteine derivative and antioxidant, to pregnant dams.
We could not detect GSH in E7.5 embryos homozygous for ␥GCS-HS tm1 by using an HPLC͞electrochemical detection (ECD) system (33) with a limit of detection of 0.08 nmol͞mg protein. In contrast wild-type embryos had GSH levels of 61.5 Ϯ 10.97 nmol͞mg protein (n ϭ 4).
Histological Analysis of the Mutant Embryos. We serial-sectioned 40 E6.5 embryos and were unable to distinguish homozygous mutant embryos from littermate controls. However, at E7.5, Ϸ25% of all (both 129Sv ϫ C57BL͞6, n ϭ 103; and 129Sv inbred, n ϭ 19) embryos showed developmental abnormalities. Mutant embryos, identified by in situ hybridization (see Materials and Methods), were developmentally retarded and misshapen and had egg cylinders composed of discrete ectodermal and endodermal layers with no evidence of mesoderm (Fig. 2 C-F) . We confirmed lack of mesoderm induction by examining Brachyury (T) expression and were unable to detect it in mutant embryos (ref. 32 ; Fig. 2 G and H) .
Mutant Embryos Have High Rates of Apoptosis.
Arrest of gastrulation, failure of mesoderm induction, and the reduced size of mutant embryos might be accounted for by a decline in cell number via increased cell death, decreased cell proliferation, or both. Thus we examined E6.5 embryos (the last time point at which mutant embryos appeared normal) for programmed cell death (apoptosis) by terminal deoxynucleotidyltransferasemediated dUTP nick-end labeling (TUNEL) assay and cell proliferation by analyzing BrdUrd incorporation.
We examined 16 homozygous mutant embryos (from 10 different litters) and 20 wild-type and heterozygous littermates by the TUNEL assay and found that all mutant embryos had high concentrations of TUNEL-positive nuclei in their distal portions ( Fig. 3 A and B) . This U-shaped region covered approximately one-fourth of the egg cylinder and involved both embryonic ectoderm and visceral endoderm. In the apoptotic region, the rate of TUNEL-positive nuclei ranged from 10% to Ϸ100% (Fig.  3B ). In the remainder (proximal region) of the mutant embryos, only scattered TUNEL-positive nuclei were observed; the number of apoptotic cells in this region was the same as that of wild-type or heterozygous embryos.
We studied BrdUrd incorporation as an index of proliferation in 16 pairs of E6.5 homozygous mutant embryos and their wild-type or heterozygous littermates (Fig. 3 C and D) . In wild-type and heterozygous embryos, the percentage of BrdUrdpositive nuclei varied from litter to litter and ranged from 50% to 80% of all epiblast cells. In mutant embryos, the percentage of labeled nuclei was less than in their littermates and appeared to be inversely correlated with the severity of distal apoptosis (see above). In some mutant embryos, BrdUrd incorporation was almost absent in the distal region (Fig. 3D) . However, in other regions, proliferation was comparable to that seen in wild-type embryos. This result indicates that the ␥GCS-HS null mutation is associated with a high rate of programmed cell death in a specific region of the embryo and has little effect on the overall cell proliferation.
Derivation of ␥GCS-HS-Deficient
Cell Lines from Blastocysts. We were able to culture E3.5 blastocysts in medium containing 5 mM GSH. Repetitive passages gave rise to 17 embryonic cultures with the following genotypes: five wild type, eight heterozygous for ␥GCS-HS . We derived cell lines from six of these and selected four for further study: a wild-type line (BDC-1) and three mutant lines (GCS-1, GCS-2, and GCS-3). We have passed these lines 50-100 times, and they are morphologically stable. GCS-1 grew as compact foci of small cells surrounded by epithelial cells. GCS-2 was epithelial whereas GCS-3 resembled GCS-1. BDC-1 was also epithelial. We confirmed the presence of epithelial cells in these lines by immunofluorescent staining for pan-cytokeratins (data not shown). Both wild-type and mutant embryonic lines required 15% FBS and 100 M of BME. GCS-1, GCS-2, and GCS-3 also required exogenous GSH (optimal concentration 2.5 mM). BME alone (up to 1 mM) could not substitute for GSH in GCS cell lines (not shown). When GSH was withdrawn from the medium (containing 100 M BME), cells proliferated at a normal rate for at least 24 h, the usual population doubling time; however, after this time the cell number dropped steadily (Fig. 4A) .
We measured GSH levels associated with wild-type (BDC-1) cells and ␥GCS-deficient (GCS-1) cells cultured with GSH and after GSH withdrawal (Table 1) . GCS-1 cells cultured with 2.5 mM GSH had GSH values that were Ϸ1.8% of wild-type cells, and 24 h after GSH withdrawal, GSH was not detectable.
Rescue of GSH-Deficient Cells by NAC.
To determine whether mutant cells have an absolute requirement for GSH, we attempted to rescue GCS-1 cells deprived of GSH. We found that 2-5 mM NAC could substitute for GSH (Fig. 4B) . GCS-1 cells in medium containing NAC grew more slowly than in medium with GSH. However, by culturing cells continuously in NAC, we were able to develop a subline of GCS-1 (termed GCS-1nac) in which morphology was unchanged and which grew almost as rapidly in 1.25-2 mM NAC as in GSH (Fig. 4C) . In other experiments, we used GCS-2 and GCS-3 and found that these lines were also able to grow in NAC in the absence of GSH. Withdrawal of NAC from all three sublines resulted in cell death after 2 days. We confirmed that these ␥GCS-deficient cells grown in NAC completely lacked GSH (Table 1 and Fig. 5 ). We also tried to rescue GCS-1 cells with DTT, ascorbic acid, ␣-tocopherol, and butylated hydroxytoluene and found that these agents failed to rescue cells (data not shown).
Cysteine levels were determined in mutant and wild-type cells (Table 1) . We found that ␥GCS-deficient cells maintained in GSH had about one-fourth the cysteine levels of wild-type cells. Withdrawal of GSH did not result in a further lowering of cysteine levels, and addition of NAC in place of GSH did not markedly raise cysteine levels. NAC itself was not detectable in cells cultured with 1.25-2.0 mM NAC (data not shown).
Cell Death Associated with GSH Deficiency. We analyzed cell death 2 days after GSH withdrawal in GCS-1 cells by using visual inspection, the TUNEL assay, and DNA laddering and failed to find evidence of apoptosis (not shown, however, see Fig. 3B ). In a control experiment, apoptotic cells were found at a rate of Ͼ50% in GSH-deprived GCS-1 cells 16 h after the addition of 1 M sodium arsenite (not shown). These data support the interpretation that cell death after GSH withdrawal under the conditions studied is not primarily the result of apoptosis.
To determine whether mitochondrial damage occurred in the complete absence of GSH, we performed electron microscopy on mutant cells collected 2 or 3 days after GSH withdrawal and found no evidence of mitochondrial damage (e.g., swelling and degeneration) (not shown). Similarly, examination of cells grown in the presence of NAC with absent GSH showed no changes in mitochondrial structure.
Discussion
We describe here the generation of a null mutation of the ␥GCS-HS gene by homologous recombination in the mouse. The mutation results in complete GSH deficiency by E7.5, 4 days after the expected initiation of GSH synthesis in normal embryos (34) , and embryonic lethality before E8.5. In contrast, ␥GCS-deficient cell lines rescued from mutant embryos grow indefinitely in vitro if supplemented with GSH or NAC.
Our data suggest that the lethality observed in ␥GCS-deficient embryos may result predominantly from apoptotic cell death rather than reduced cell proliferation (Fig. 3) . The cause of this highly localized (distal) apoptosis is unclear. It may be that cells Fig. 4 ). in the distal region are especially sensitive to GSH depletion or that this pattern is a common feature of ''programmed developmental failure'' stemming from insult or mutation (35) . Our results raise the possibility that GSH and redox status may be involved in signaling events like embryonic remodeling and mesodermal induction (6) .
Here, we demonstrate that ␥GCS-deficient mouse embryo cells can grow in culture with only minimal levels of cellular GSH and that NAC can support cell growth in the absence of GSH. GSH concentrations detected in mutant cells supplemented with 2.5 mM GSH were Ϸ2% of that seen in wild-type cells (Table 1) . This minimal level is presumably attained by uptake of GSH from the medium and is necessary for cell viability. The large excess of GSH present in most cells probably functions to protect them against oxidative stress and in detoxification reactions. We attempted to rescue ␥GCS-deficient cells with reductants other than NAC and found that only this agent was effective. This finding is in contrast to studies on a GSH-deficient Saccharomyces cerevisiae mutant in which other thiols (BME and DTT) as well as cysteine support growth (36) . We note that the conditions we have used to rescue GCS cells involve extracellular thiol concentrations that are Ϸ1,000-fold higher than those found in vivo and thus our findings cannot be easily extrapolated to the in vivo situation.
Our analysis of mitochondria from GSH-deficient cells by electron microscopy did not reveal changes in morphology observed when animals were treated with BSO (14) . Because mitochondria have no catalse, GSH and GSH peroxidase have been thought to be the only system they use to metabolize hydrogen peroxide. Our data suggest other detoxification mechanisms (e.g., thioredoxin peroxidase; refs. 7 and 37) exist and that GSH itself is not required to maintain the redox balance necessary for mitochondrial function. Some studies have shown that when the mitochondrial GSH pool is severely depleted in mammalian cells by BSO and electrophilic chemicals cells lose viability (22, 38) ; however, in other studies, some types of cells seem to be more resistant to BSO (23) . These data suggest that the ability to induce alternative antioxidant enzyme(s) in mitochondria and the time available for induction may determine survival of cells subjected to GSH depletion.
GSH depletion has been implicated as a mediator of the apoptotic pathway (24, 25, 39, 40) . In the embryo, disruption of GSH synthesis is correlated with distal apoptosis (Fig. 3) ; however, in cultured embryonic cells, complete removal of GSH from the medium and replacement with NAC allows long-term viability. Further, when GSH is removed without NAC replacement, cell death is not accompanied by apoptosis. These data demonstrate that depletion of GSH alone is insufficient to induce apoptosis in these cells and indicate that the role of the redox status in apoptosis is complex.
The fact that cultured ␥GCS-HS tm1/tm1 embryonic cells grow indefinitely in medium in which GSH has been replaced by NAC demonstrates that GSH itself is not required by mammalian cells maintained under standard culture conditions. It follows that many housekeeping functions, including DNA synthesis, protein synthesis, metabolism and respiration, cell cycling and division, do not absolutely require GSH. Rather GSH appears to function by providing essential reducing equivalents for these processes. It also follows that the coenzyme functions of GSH, like its role in the glyoxalase pathway (41) , can be replaced by other cofactors or that the pathways themselves are not essential. The availability of these mutant cells deficient in GSH synthesis will allow further exploration of the role of cellular redox status in signal transduction, posttranslational regulation of proteins (e.g., chaperone activity; ref. 42 ) cell growth, differentiation, and cell death.
